General idea of this comprehensive review is to summarize information about the role of nitric oxide in the human body-cardiovascular, respiratory, urgenital, gut, NO and immune system, however, NO signaling has a role also in musculoskeletal system, even in bones. NO in the past had been recognized as a molecule relevant to air pollution. In 1980 Furchgott and Zawadzki identified new messenger molecule within the endothelial cells with vasodilating potential and they named it endothelium derived relaxing factor (EDRF). Seven years later the role of NO as a relaxing factor was definitely proven. The fact of gas, being produced by cells, crossing membranes of neighboring cells and having a character of signal brought a brand new insight to the signaling physiology. The breakthrough in the NO history was in 1992, when it was assigned as "molecule of the year". Role of NO was defined mainly in the cardiovascular system, but as the research expanded, the ultimate function, and mechanism of action, dual effect of NO had been identified in all systems of human body. NO in low concentrations considerably regulates the physiological functions, but in high concentration may contribute to the pathogenetic process. Knowledge the physiology of NO signaling cascades could have clinical application, mainly considering therapeutic potential of NO donors, or antagonists of NO-synthases. This molecule has undoubtedly huge future potential.
NITRIC OXIDE-MECHANISM OF ACTION
Nitric oxide (NO) has basically dual action in biological systems. Low optimal concentrations regulate a lot of physiological processes however overproduction of nitric oxide takes role in pathogenesis of many diseases [1] .
Stimulation of isoforms of NO synthase (NOS) leads to production of NO, which could be in form of NO•, or chemically attached to thiols-SH groups. The action of NO could be either direct or indirect. Direct action is mediated by activation of soluble guanylyl cyclase (GC-S) with production of second messenger cyclic guanosine monophosphate (cGMP), or direct activation of ion channels. Indirect effect is usually mediated by the production of reactive oxygen species (ROS) [2] . After production inside the cells, NO is released to their neighborhood and diffuses mainly across the cell membranes of target cells as a signal influencing biological processes. Then, NO is attached to the Fe 2+ of the hem part of soluble guanylyl cyclase, leading to activation of this enzyme. Guanylyl cyclase turns guanosine triphosphate (GTP) to cGMP thus activating cGMP dependent proteinkinases. These further catalyze phosphorylation of different proteins, activation or inhibition of some ion channels and regulate activity of phosphodiesterases [3] . The consequences of these processes are different biological actions like relaxation of smooth muscle cells, influence of endothelial permeability, cardial protection, neuronal plasticity, improvement of cognitive functions and many others. Complexity of the NO action and understanding of this signal cascade it critical for research of novel pharmacological applications [4] . Similar mechanism is employed in the action of NO released from thiol group.
Recent studies revealed that NO is capable to activate potassium channels, mainly calcium dependent potassium channels BK Ca and ATP sensitive potassium channel K ATP in smooth muscle, neurons, endothelial cells etc., which are cGMP independent processes. After activation of these channels membrane becomes hyperpolarized with decrease of Ca 2+ ions, which leads to relaxation of vascular or bronchial smooth muscles [5] .
Indirect action of NO had been named by many authors as cytotoxic. They could be mediated by oxidative stress and nitrosative stress. While oxidative stress is involved in pathogenesis of inflammatory diseases, nitrosative stress could be responsible for production of molecules with carcinogenic potential-nitrosamines. Production of oxygen and nitrogen species is under control of amount and availability of NO, superoxide, manganese, superoxide dismutase and other oxidants. The main consequence of this reaction is damage of lipids, proteins and DNA leading to multiple dysfunctions at molecular, cellular and finally tissue level.
Regarding indirect action of NO it is also important to say that NO modulates gene expression, via modulation of transcription factors. The most important of them is nuclear factor B (NFB). This factor regulates transcription of many pro-inflammatory molecules, enzymes (iNOS and COX-2), cytokines (IL-1, TNF- and IL-6) and chemokines (IL-8). Activation of NFB may induce processes with increased expression of inductive NOsynthase (iNOS), increased production of NO and other factors that may be responsible for tissue damage in case of chronic inflammatory processes.
MAIN EFFECTS OF NO
In human body low level of NO regulates many physiological functions. At the other hand, at pathological conditions high concentrations of NO could be either desirable (antibacterial, antiparasitic, antiviral effects) or could have adverse effects-mainly pro-inflammatory action. Therefore it is necessary to know specifically the action of NO in different systems to minimize adverse effects, but maximize desirable effects of NO for pharmacological applications.
Nitric Oxide and Nervous System

Central Nervous System
Nitric oxide influences considerably central and peripheral nervous system. It is one of the most important neurotransmitters. Because NO is gas, therefore is not stored in synaptic vesicles, but synthesized accordingly to the requirements, with rapid diffusion to neighboring neurons. Its role had been documented at physiological and also pathological processes, and the role of nitric oxide could be explained as neuromodulatory, neuroprotective, but also neurotoxic at some specific circumstances.
In central nervous system is nitric oxide synthesized mainly by neuronal isoform od NO-synthase (nNOS). This enzyme is expressed in the cerebral cortex, claustrum, olfactory regions, striatum, amygdale, hippocampus, hypothalamus, thalamus and cerebellum. Neuronal isoforms of NOS had been identified also in astrocytes, and cerebral vessels [6] .
Basic functions of NO in central nervous system are regulation of neuronal morphogenesis, regulation of sexual and aggressive behaviors, food intake, pain perception, short-term and long-term synaptic plasticity in sleep control and regulation, neurosecretion and cerebral blood flow.
It has been also documented that NO cooperates with NMDA receptors, and is capable to potentiate synaptic transmission via NMDA receptors. NMDA activates production and release of NO in experimental conditions, and it may mediate responses to excitatory amino acids (aspartate, glutamate). Neurotoxic effect is mediated also by the production of reactive oxygen species, mainly, superoxide anion.
Nitric oxide participates also in the food intake regulation. Repeated administration of substances which inhibit production of NO, decrease appetite and also body weight in obese experimental animals.
At pathological conditions, the effects of nitric oxide could be responsible for neuronal damage and neurodegenerative diseases such as Parkinson disease, Alzheimer dementia, Huntington chorea etc. In these mentioned disease NO plays a role mainly in processes like tyrosine nitrosylation, excitotoxicity, inhibition of mitochondrial respiration chain, fragmentation of sub cellular organelles etc. [7] .
Peripheral Nervous System
Nerve fibers producing and releasing NO do not belong to the sympathetic and parasympathetic branches, but they form distinct population of non-adrenergic non-cholinergic fibers (NANC). This system could be categorized according preferential activity to excitatory (eNANC) and inhibitory (iNANC). Nitric oxide is main mediator for iNANC system. Within peripheral nervous system nNOS is localized mainly in iNANC nerves of airways, gastrointestinal and urogenital tract. In these systems NO regulates mainly relaxation of smooth muscles, including vascular muscles. At physiological conditions NO via NANC system regulates blood flow, bronchial tone and regulates inflammatory processes. Its activity depends on many factors including activity of synthesizing enzymes, cofactors, level of oxidative stress, and activity of antioxidative molecules [8] .
At pathological conditions NO could induce neuronal block (multiple sclerosis), or induce absolute inability for transmission of action potentials in myelinated and unmyelinated fibers.
Cardiovascular System
Vessels
The role of nitric oxide in cardiovascular system is of high interest at the level of basic research and also at the level of clinical cardiology. Majority of authors agree to the fact that NO is strong and effective molecule, critically useful in prevention and treatment of ischemic heart disease.
One of the physiological effects of NO is vasodilatation which had been documented in experimental animal models and also in humans. The effect was demonstrated using inhibitors of NOS inducing vasoconstriction in vitro and hypertensive reaction in vivo. In cardiovascular system, NO is produced mainly by the endothelial isoform of NOS (eNOS). Basal release of NO from L-arginine plays important role in regulation of blood flow and blood pressure. NO is slowly, but continually released in arterial part of cardiovascular system, and also regulates tonus of small arteries and venules within microcirculation [9] . Main stimuli responsible for NO release are shear stress and distension of the vessels. The role of NO in regulation of the vascular tone is well defined, based on the conception describing production of NO in endothelial cells with subsequent diffusion to the media. Then NO activates guanylate cyclase thus increasing concentration of cGMP in muscle cells, decreasing intracellular concentration of Ca 2+ leading to their relaxation. Increase of cGMP could be mediated also via activation of proteinkinase G and phosphorylation of heat shock protein (HsP 20).
Main effects of nitric oxide in cardiovascular system are summarized at Figure 1 .
Vascular tone regulation and endothelial dysfunction may appear as the consequence of decreased biological availability of nitric oxide. This phenomenon is present in subjects with metabolic diseases such diabetes mellitus, hypercholesterolemia, in subjects with hypertension, smokers, and it is one of the critical steps in development of atherosclerosis. Endothelial dysfunction may induce local deficit of NO, which may in turn lead to adhesion and aggregation of thrombocytes. It may also lead to dysregulation of vascular lumen, leading to vasoconstriction, even spasm with turbulent blood flow, adhesion of cells, and infiltration of vessel wall by lipid particles. It had been documented in laboratory animals that inhibition of NO production leads to faster growing of atherosclerotic plaques. At the other hand, overproduction of NO may lead to profound vascular relaxation with pressure drop and tissue hypoperfusion. This mechanism may be involved in pathogenesis of septic shock and multiple organ dysfunctions in subjects with SIRS or sepsis [11] .
Endothelial cells are equipped with a plenty of receptors relevant for variety of chemical signals present in the blood. They are capable to respond to the changes of physical parameters such as elasticity, pressure or viscosity. Relatively rapid adaptation of blood vessels to these stimuli is mediated via production and release of NO. Basal production of NO participates in regulation of blood flow in brain vessels, coronary circulation, gastrointestinal system and kidneys. This sort of regulation could be mediated also via direct opening of calcium channels at endothelial cells membrane, which leads to Ca 2+ dependent activation of eNOS with subsequent increase of local NO production [10] .
Heart
The role of NO in heart is less defined. There are studies regarding the role of NO in heart regulation, but they are sharing conflicting evidence. All three isoforms of NOS had been identified in heart. They are localized in endothelial cells, or directly inside cardiomyocytes. Neuronal isoform is present in sinus node as an important modulator of pre-synaptic influence of the vagus nerve as nitric oxide facilitates acetylcholine release.
The effect of NO on heart depends considerably on the 
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NOS isoform which had been activated. Similarly, like in other systems constitutive isoforms are active at physiological conditions, whereas pathological conditions increase expression of inductive isoform. Effects of NO produced at physiological conditions are related to the coronary circulation (vasodilatation, rise of coronary blood flow, antithrombotic, anti-inflammatory action, improvement of endothelial dysfunction), cardiomyocytes (decreased apoptosis, decrease of oxygen consumption), myocardium (fetal and postnatal growth, antihypertrophic effect, rise of ischemic tolerance), conductive system (negative inotropic and chronotropic effect). They are mediated via NO/cGMP pathway and also by modulation of local mitochondrial metabolism, regulation of calcium ions in cardiomyocytes and regulation of autonomic nervous system influences [12] .
Data about pathological and adverse effects of NO in myocardium are conflicting, however many papers agree to the mechanisms being employed in this process. They mainly discuss production of ROS, leading to enhanced apoptosis and necrosis of cardiomyocytes. It was also found that fluctuation of NO level in heart may participate in onset of arrhythmias, myocardial damage after ischemia and onset and progression of endothelial dysfunction in coronary vessels [13] .
Respiratory System
Endogenous and also exogenous NO has positive effects in prevention of smooth muscle contraction in airways. Bronchodilatation may be also positively influenced by the action of S-nitrosothiols as donors of NO. Regulation of bronchomotoric tonus is the main function of NO in airways [14] . Other effects of NO in respiratory system are summarized in Table 1 .
Release of NO by the endothelial cells in the pulmonary circulation regulates the basal vascular tonus and prevents vasoconstriction, however the effect of nitric oxide on pulmonary microcirculation and vascular permeability is not completely elucidated [15] . It is known that nitric oxide is produced in lungs by both constitutive isoforms of NOS. Nitric oxide may contribute to the angiogenesis and lung growth during fetal development and increased activity of both constitutive isoforms may improve postpartal adaptation of the newborn respiratory system [16] . Inhibition of NO production and release leads to decrease of surfactant production via drop of cGMP. These studies support the hypothesis that low concentrations of NO participates in regulation of surfactant release via cGMP dependent mechanisms and activation of proteinkinase G. Overproduction of NO and subsequent production of ROS may inhibit the function of surfactant by the peroxidation of lipids and damage of the surfactant proteins.
Endogenous NO stimulates activity of submucosal glands with increased mucus output. These findings had been proven by the administration of NO donors which considerably increased the mucus output and also by the NOS inhibitors, which suppressed glandular activity. Cilliary motility is important airway defensive mechanism, which could be up-regulated by the activity of inflammatory cytokines. Stimulatory effect of cytokines had been suppressed by administration of NOS inhibitors and activated by NO donor L-arginine. These evidences speak for NO being involved in regulation of mucociliary transport [17] . Pathogenesis of airway diseases (including allergic diseases) is also modulated by nitric oxide at the level of immune system, specifically at the level of signaling between T lymphocytes and macrophages. NO modulates production and function of immune cells released cytokines, chemokines, and growth factors. Final effect of nitric oxide in airways (protective or toxic) depends on the type of activated isoforms of NOS, concentration of NO, the site of production and finally its reaction with the other substrates [18] .
From pathological effects of nitric oxide it is important to mention its role in bronchial smooth muscle proliferation leading to airway narrowing and limitation of expiratory airflow. The role of NO had been documented in pathogenesis of asthma, chronic obstructive pulmonary disease, primary cilliary dyskinesis and also acute respiratory diseases.
Gastrointestinal Tract
Main physiological functions of gastrointestinal tract include digestion, absorption and excretion. Even in these processes nitric oxide has its position. In the GIT it primarily acts as a neurotransmitter. It is released by peripheral nervous system, represented by iNANC nerve fibers. Nitric oxide was detected in myenteric plexus of stomach and intestines, the lower esophageal, ileocolic and internal anal sphincter and its release under physiological conditions is responsible for adaptive dilatation of the stomach, regulation of peristalsis and stimulation of mucus secretion into the gut. These effects of NO are mediated mainly by activating GC-S, but also 5-HT receptors [19] . Several works suggest that nitric oxide is the most important inhibitory neurotransmitter in the intestinal NANC. It inhibits gastrointestinal motility and controls the activities of sphincters, e.g. lower esophageal sphincter, sphincter of Oddi, or anal sphincter. The inhibition of endogenous NO production enhances contractility of sphincters, while when increased by substitution of NO reduces contractility of sphincters. Substances modulating the homeostasis of NO positively affect sphincter contraction in the distal esophagus that could be used for example in the treatment of gastro esophageal reflux disease [20] .
Gastrointestinal tract is well protected from exposure to irritating foods (e.g. alcohol), but also from adverse impact of increased endogenous secretions (acid, proteolytic enzymes, bile). Mucosal barrier layer is formed by intestinal epithelial cells and non-specific protective substances such as mucus and lysozyme. These substances also include NO. It regulates mucosal blood perfusion, reduces adherence of leukocytes, inhibits the activation of mast cells and stimulates the secretion of gastric mucus [21] .
Another of the roles of NO is in the mucosal immune response, where nitric oxide has a very important defensive function. Induction of iNOS in the epithelium has been demonstrated in inflammatory bowel disease.
Currently, there are also some interesting theories about the involvement of NO in the process of tumor formation in gastrointestinal tract. Again, here we encounter a dual effect-pro-tumor in conjunction angiogenesis and other hand anti-carcinogenic effect in mean of cytotoxic damage of tumor cells [22] . Overview of main effects of nitric oxide in gastrointestinal tract shows the following Table 2 .
Urogenital System
Urinary System
The growth of literature in this area shows several effects of nitric oxide in the renal physiology and in pathophysiology. In immunohistochemical studies it was shown that in the urogenital system are all three isoforms of NOS. eNOS is present mainly in the microvasculature, glomerular Table 2 . Physiological and pathological effects of nitric oxide in GIT. Functional studies confirmed the presence of iNOS [23] . Physiological levels of NO regulate glomerular hemodynamic, medullar rennin secretion, tubuloglomerular feed-back and extracellular fluid volume. Based on available literature data we can conclude that nitric oxide in the kidney contributes to the regulation of micro-and macro vascular hemodynamic, stimulates resorption of sodium, HCO 3− and water in proximal tubules, stimulates acidification in the proximal tubule, sodium reabsorption, inhibits HCO 3− and water reabsorbtion in the distal tubule, Na + reabsorbing in the collecting ducts and inhibits H + -ATPase in collecting ducts. Result of this action is to increase blood flow and kidney glomerular filtration rate, diuresis and natriuresis.
In pathological conditions, e.g. under inflammation, the superoxide anion, peroxynitrite and other radicals are produced, which may contribute to autoimmune glomerulonephritis or post-ischemic kidney damage. In connection with pathology, NO is found in acute as well as chronic renal impairment. The experiments with administration of NO synthase inhibitors in renal disease were interesting as well. The effect was biphasic. While in the acute phase, the renoprotective effect had been observed, chronic administration of inhibitors accelerated renal damage. These results compel further research into the physiological effects of NO in the kidney [24] .
Reproductive System
Nitric oxide participates in the regulation of female and male reproductive system. Likewise as in other systems, here is NO involved in physiological and pathophysiological processes and influence on its activity may be of great clinical importance (Figure 2) .
In ovaries NO regulates follicle maturation and ovulation. NO levels correlate with estrogen levels. Estrogens as important hormonal stimuli activate mainly constitutive isoform-eNOS and nNOS. This positive relationship was confirmed by application of NOS inhibitors, which prevent ovulation in experimental animals. Interesting is also the position of iNOS. Its activity is not stimulated by inflammation, but rather responds to the synthesis of steroid hormones. Physiological significance of iNOS expression in the ovaries remains unclear so far. It is possible that under conditions of continuous development and growth of follicles acts iNOS and its active mediators as a regulatory growth molecule [25] . It is thought that nitric oxide plays an important functional role in promoting fertilization in the fallopian tube. Basal release of NO stimulates the movement of sperm. It regulates the contraction of the oviduct and can to some extent affect the kinetics of oviduct cilia [26] .
All isoforms of NO synthase were also detected in uterine epithelium, endometrial stromal cells and myometrial cells. The uterus is an organ which undergoes important structural changes during menstruation and pregnancy.
iven that NO regulates smooth muscle contractility and G Figure 2 . Basic physiological processes in the reproductive system affected by nitric oxide (blue-men, red-women, green-in both sexes).
thus the spontaneous contraction and dilation of the uterus during pregnancy, the role of NO in this field has gained much attention. Based on literature data, we can say that nitric oxide plays an important regulatory position both during pregnancy and childbirth [27] . Its deficiency is associated with conditions of preeclampsia with hypertension and substitution of NO donors is recommended to pregnant women with the threat of premature birth.
One of the best described physiological effects of NO in the male reproductive system is the regulation of erection by NANC neurotransmission. Nitric oxide can thus be regarded as a physiological mediator of erection. It is controlled either through a second messenger-cGMP or indirectly by NO independent mechanisms. The different isoforms of NOS have been identified only in NANC (nNOS) but also in endothelium of corpora cavernosa of the penis (eNOS) [28] .
Testicles are rich of both L-arginine and NO. Constitutive NO-synthase was detected in Leidigo cells, Sertoli cells and endothelial cells of the testis. These findings suggest the involvement of NO-cGMP signaling pathway in the regulatory function of the testes, particularly in spermatogenesis in all its phases. The effect on the synthesis of steroids is interesting, where NO acts as autocrine/ paracrine mediator. In addition to spermatogenesis, it modulates blood flow, cell permeability and myofibroblast contractility in testis [29] .
As already described for the female reproductive system, nitric oxide affects sperm motility. Low concentrations of NO accelerate the movement; medium or high concentration of nitric oxide reduces their mobility, or completely inhibits. In human spermatozoa, however, no isoform of NO-synthase appears, modulation is, therefore, not yet well understood. It is possible that inhibition of movement occurs only in a woman's fallopian tube, where it triggers the immune response after ejaculation similar to bacterial infection or organ transplantation.
Immune System
According to some authors the formation of nitric oxide is main function of the immune system, which contains the most active inductive NOS isoform. Nitric oxide generated by iNOS has antimicrobial, antitumor, cytostatic and cytotoxic effects that are associated mainly with the production of free radicals (superoxide, peroxynitrite). These cause the inactivation of enzymes containing iron and various modifications of proteins leading to a cytostatic or cytotoxic effect against pathogens [30] . The cytotoxic effect of NO against tumor cells was also observed. Increased iNOS activity plays a protective role in various bacterial and parasitic infections and in response to inflammation. Nitric oxide controls many processes in immune system. These include differentiation, proliferation and apoptosis of immune cells, production of Table 3 . Main effects of NO in the immune system. Table 3) .
In specific immune response the T type lymphocytes (LyT) play significant role providing humoral type of response. They have several subtypes, which, when activated produce lymphokines that regulate other immune cells. Th-1 lymphocytes produce IL-2, IL-12, TNF-α and interferon gamma (IFN-γ), Th-2 cells produce IL-4, IL-5, IL-6, IL-10 and IL-13. There is evidence that lymphokines produced by LyTh-1 increase production of NO, whereas lymphokines produced by LyTh-2 decrease the NO production. On the other hand, nitric oxide can inhibit Th-1 lymphokines but has no direct impact on Th-2 lymphokines production. The balance between production of Th-1 and Th-2 cytokines is similar to competitive processing of L-arginine by iNOS and arginase.
Cytotoxic effect of NO is not only expressed in immune processes, but in some cases acting nitric oxide as an important pro-inflammatory molecule. Unless there is a causative factor in the form of infectious agents, may be overproduction of NO one possibility of autoimmune diseases such as rheumatoid arthritis, autoimmune diabetes, multiple sclerosis, systemic lupus, etc. These levels are also involved in the process of transplant rejection and pathogenic process of septic shock or chronic inflammatory diseases.
The fact that NO regulates apoptosis of immune cells may contribute to the onset and progression of autoimmune diseases, and also changed immunological surveillance and lack of cytotoxic effect against tumor cells may lead to cancer.
CONCLUSIONS
The role of nitric oxide in the human body is under the scope of intensive research at the level of basic experimental research and also at the level of clinical studies. As it could be seen from this review, almost all systems of human body are carefully studied regarding the role of NO in regulations, basically under normal conditions, and also during diseases, as it is obvious that NO has different roles when comparing normal physiological processes versus pathological processes. Identification of pathways for NO synthesis, then identification of signaling cascades and their cooperation with other messenger systems making this molecule so much interesting and useful from the standpoint of potential clinical applications. Donors of NO have therapeutic significance for example in patients suffering from ischemic heart disease, bacterial infection and wound healing. Then, measurement of exhaled NO is useful tool for diagnosis of airway inflammation.
Broad brush data collected and analyzed in this review are an evidence that intensive research of nitric oxide, and nitric oxide associated pathways would have more clinical applications in due time.
